3 Several members of the FXYD protein family are tissue-specific regulators of Na,KATPase which produce distinct effects on its apparent K + -and Na + -affinity. Little is known about the interaction sites between the Na,K-ATPase α subunit and FXYD proteins that mediate the efficient association and/or the functional effects of FXYD proteins. In this study, we have analyzed the role of the transmembrane segment TM9 of the Na,K-ATPase α subunit in the structural and functional interaction with FXYD2, FXYD4 and FXYD7. probably reflecting the intrinsic differences of FXYD proteins on the apparent K + -affinity of Na,K-ATPase. In contrast to the effect on the apparent K + -affinity, F 956 and E 960 are not involved in the effect of FXYD2 and FXYD4 on the apparent Na + -affinity of Na,K-ATPase.
Na,K-ATPase transports 3 Na + against 2 K + across the plasma membrane of animal cells by using the energy of the hydrolysis of ATP. Its main task is the maintenance of the transmembrane Na + and K + gradients that permit to maintain the cell volume and the membrane potential. Moreover, Na + gradients provide the energy for many secondary transport systems of vital importance. In addition to these basic functions, Na,K-ATPase is involved in many specialized tissue functions such as transepithelial Na + transport, and muscle and neuronal excitability.
Na,K-ATPase is an oligomeric protein. The α subunit hydrolyzes ATP, becomes phosphorylated during the catalytic cycle and transports the cations (1) . The β subunit is a molecular chaperone which is necessary for the correct membrane insertion of the α subunit and also modulates the transport properties of the α subunit (2) . Four α and 3 β isoforms have been identified which potentially can form 12 different isozymes with different transport and pharmacological properties (3, 4) .
In agreement with its important physiological role, Na,K-ATPase is finely regulated.
Established regulatory mechanisms include changes in the intracellular Na + concentration that produce short-term regulation of the Na,K-ATPase transport rate, phosphorylation of the α subunit by PKA and PKC that influences the distribution of Na,K-ATPase between the plasma membrane and intracellular stores, and long term regulation that increases the number of Na,K-ATPase units (5) . Recently, a novel regulatory mechanism has been identified which involves tissue-and isozyme-specific interactions between Na,K-ATPase and small membrane proteins of the FXYD protein family (6) .
The FXYD protein family contains 7 members that are characterized by one transmembrane domain and a signature sequence that contains the FXYD motif and 3 other conserved amino acids (7) . FXYD2 or the γ subunit of Na,K-ATPase (8) was the first FXYD protein that was identified as a specific modulator of renal Na,K-ATPase (9, 10, 11, 12, 13) .
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It is now well established that also FXYD1 (phospholemman) (14) , a phospholemman-like protein from shark (15) , FXYD4 (CHIF) (11, 16 ) and FXYD7 (17) also play a tissue-specific role in Na,K-ATPase regulation. Significantly, each of these auxilary subunits produce a distinct functional effect on Na,K-ATPase which is adapted to the physiological needs of the tisssues in which they are expressed.
The functional effects of FXYD proteins on Na,K-ATPase have extensively been studied but the molecular basis of these effects is unknown and very little is known on the interaction sites in the Na,K-ATPase and the FXYD proteins that mediate the efficient association between these two proteins and transmit the functional effects of FXYD proteins on Na,K-ATPase. Experiments based on thermal detanuration suggest that association of FXYD2 occurs with transmembrane (TM) domains 8-10 (18) . Moreover, a recent model (19) deduced from an electron cristallographic analysis at 9.5 A resolution of renal Na,K-ATPase, and by taking as a basis the high resolution structure of the Ca-ATPase (20) , predicts that FXYD2 is located in a pocket made up of TM9, TM6, TM4 and TM2 of the Na,K-ATPase α subunit. In this study, we investigated the role of TM9 of the Na,K-ATPase α subunit in the structural and functional interaction with FXYD proteins. For this purpose, we produced a model of the Na,K-ATPase α subunit to determine amino acids in the TM9 helix which point to M2 and which could potentially interact with FXYD proteins. These amino acids were substituted individually or in combination by alanines and the effects of these mutations on the efficiency of association with different FXYD proteins and on their functional effects were tested after co-expression in Xenopus oocytes.
Our results indicate that TM9 of the Na,K-ATPase α subunit is involved in the interaction with FXYD proteins. Different domains of interaction could be identified that are either involved in the stable association with FXYD proteins or in the functional effect produced by FXYD proteins on the apparent K + -affinity of Na,K-ATPase. 
Materials and Methods

Side-directed mutagenesis and chimeras
The rat Na,K-ATPase α1 subunit was modified by silent mutagenesis to introduce one restriction site (AccI) at nucleotide position 2893 and then point mutations were introduced by the PCR-based method as described by Nelson and Long (21) . The insert of the TM9 was subcloned into a pSD5 vector using AccI/DraIII restriction sites. The nucleotide sequences of all constructs were confirmed by dideoxy sequencing. cDNAs for rat α1 and β1 subunits were kindly provided by J. Lingrel. The construction of the chimera α1-AL1 containing Met   1 to Arg 941 of the human Na,K-ATPase α1 subunit and Asn 960 to Tyr 1039 of the human, nongastric H,K-ATPase α subunit (AL1) has been described previously (22) Protein expression in Xenopus oocytes and metabolic labelling cRNAs were obtained by in vitro transcription (23) . Stage V-VI Xenopus oocytes were obtained as described (24) . Oocytes were injected with cRNAs coding for wild type or mutant rat Na,K-ATPase α1 subunits (10 ng/oocyte) or for AL1 (10 ng/oocyte) (25) or α1-AL1 (10 ng/oocyte) together with cRNAs for the rat Na,K-ATPase β1 subunit (1 ng/oocyte) or rabbit, gastric H,K-ATPase β subunit (1 ng/oocyte) (kindly provided by G. Sachs) with or without cRNAs coding for human FXYD2a (11), rat FXYD4 (11) and subjected to a 6 h pulse and to 24 h, 48 h and 72 h chase periods in MBS containing 10 mM cold methionine. Microsomes were prepared after each chase period as described previously (24) .
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Immunoprecipitation and quantification of association between FXYD proteins and Na,KATPase FXYD2 and FXYD4 were co-immunoprecipitated with wild type or mutant Na,KATPase α1 subunits under non-denaturing conditions as described (24) by using an α1 subunit antibody (26) . Since co-immunoprecipitation of FXYD7 by an α subunit antibody is not very efficient, association of FXYD7 with Na,K-ATPase was tested by using an FXYD7
antibody (17) under non-denaturing conditions. Association of FXYD2 with AL1 and the α1-AL1 chimera was tested by using a AL1 antibody (24) under non-denaturing conditions.
Immunoprecipitated proteins were loaded on SDS-polyacrylamide gels (5-13%) and revealed by fluorography. Proteins were quantified by laser densitometer (KB Ultrascan 2202) and calculations were performed as described in the legends to figures. Statistical analysis was performed by unpaired Student's t-tests.
Electrophysiological measurements
The functional effect of mutations in the Na,K-ATPase α1 subunit expressed with or without FXYD proteins was assessed by studying the apparent affinity for external K + or internal Na + of Na, K-ATPase. Electrophysiological measurements were performed 3 days after injection of Xenopus oocytes with rat, wild type α1 and β1 or mutant α1 and β1 cRNAs alone or together with FXYD cRNAs, by using the two-electrode voltage clamp technique.
Measurements of the apparent external K + affinity were carried out as described previously (11) in the presence of 1 µM ouabain which inhibits the endogenous oocyte Na,K-pump, but not the expressed ouabain-resistant rat Na,K-ATPase. The maximal Na,K-pump current and the apparent K + affinity (K 1/2 K + ), measured in the presence of 100 mM external Na + , were obtained by fitting the Hill equation to the data using a Hill coefficient of 1.6 (27) .
Measurements of the apparent Na + -affinity of Na,K-ATPase were performed as described 
Protein Modeling
Based on our previous homology model of the Bufo Na-K-ATPase (29) in the E1 conformation, a model of the FXYD7/Na-K-ATPase complex was build using an evolutionary algorithm. The details of the calculations will be presented separately (Grosdidier et al., in preparation). In brief, starting from an arbitrary conformation of the FXYD7 helix in the vicinity of TM2 and TM9 of the Bufo Na,K-ATPase α subunit, the FXYD7 coordinates were refined using two operators translating or rotating the FXYD7 helix around a random axis. Two other operators were designed to rationalize the search, performing rotations around, or translations along the axis of the modeled fragment of FXYD7. The fifth and last operator was a semi-stochastic interpolator combining two highscoring complexes to generate a new position and orientation of the FXYD7 fragment. After each operator was applied, a short energy minimization of the FXYD7 helix as well as TM9
and TM2 residues was performed using the CHARMM program (30) . The minimization consisted of 30 steps of Steepest Descents followed by 50 steps of Adopted Basis Newton-
Raphson.
The fitness of a complex was defined as its total enthalpic energy calculated by CHARMM using the CHARMM22 (31) The best scoring complexes generated during the evolutionary search were clustered, based on heavy atom RMSD values and a contact list was generated for each cluster.
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Results
The TM9-TM10 region of the Na,K-ATPase α subunit is involved in interaction with FXYD2
We have previously shown (11) that non-gastric H,K-ATPase does not associate with FXYD2 or FXYD4. To test whether the TM8-TM10 region of the Na,K-ATPase α subunit is involved in the interaction with FXYD2 as suggested by biochemical evidence (18), we produced a chimera containing the sequence of the Na,K-ATPase α1 subunit up to TM8 and that of the human, non-gastric H,K-ATPase α subunit (AL1) (25) including TM9 and TM10 (see Fig.1 ). This chimera (α1-AL1) was expressed in Xenopus oocytes together with the H,K-ATPase β subunit and FXYD2 and the efficiency of FXYD2 association with this chimera was compared to that with wild type Na,K-ATPase α1 subunit and with AL1. As previously shown (11), in metabolically labeled oocytes expressing the Na,K-ATPase α1 and β1 subunit and FXYD2, the β subunit and FXYD2 could be co-immunoprecipitated with an antibody against the Na,K-ATPase α subunit over prolonged chase periods ( Fig 
The role of TM9 of the Na,K-ATPase α subunit in the stable interaction with FXYD proteins
Since a model deduced from a cristallographic analysis of renal Na,K-ATPase predicts that TM9 of the α subunit is in close proximity to FXYD2 (19), we tested the role of TM9 in the structural and functional interaction with FXYD proteins. We produced a model of the proteins and potentially could form an interaction face. We substituted these amino acids of the rat α1 isoform, located on the same side of the TM9 helix, either individually or in combination by alanine residues (see Fig.1 ), expressed these α mutants together with rat β1 subunits and FXYD2 in Xenopus oocytes and tested their association efficiency with FXYD2
by performing non-denaturing immunoprecipitations with a Na,K-ATPase α subunit antibody (Fig.3A) . All α mutants were synthesized similar to the wild type α subunit, associated with the β subunit and became stabilized over prolonged chase periods. Determinations of the ratios between associated FXYD2 and the α subunit show that the I/A mutant ( wild type α1 subunit, and the F/A mutant showed a pronounced effect at very negative membrane potentials (Fig.5B) . Interestingly, E 960 in the FE/AA mutant has been suggested to be part of the cation 'occlusion' gate of Na,K-ATPase (34) though substituition by alanine did not reveal any importance of this amino acid in the cation dependence of Na,K-ATPase activity (35) .
FXYD2 (11), FXYD4 (11) and FXYD7 (17) have distinct effects on the voltagedependence of the apparent K + -affinity of Na,K-ATPase (see Fig.7A a, Fig.7B a and Fig.7C a). We investigated whether TM9 of the Na,K-ATPase α subunit is implicated in the functional effect of FXYD proteins on the K 1/2 K + value of the Na,K-ATPase.
FXYD2, co-expressed with the I/A (Fig.6 b) , the IL/AA (Fig.6 c) or the ILF/AAA (Fig.6 d) to Fig.7C a) . We also investigated the relative contribution of F 956 and E 960 to the K + -effect of the 3 FXYD proteins. Significantly, the E/A mutant contributed significantly to the abolishment of the functional effect of FXYD2 (Fig.7A d) and FXYD4 (Fig.7B d) and the F/A mutant to a lesser extent (Fig.7A c and Fig.7B c) . On the other hand, the E/A mutant permitted a full functional effect of FXYD7 (Fig.7C d) whereas the F/A mutant reduced or modified the functional effect of FXYD7 on the voltage-dependence of the K + -affinity of Na,K-ATPase (Fig.7C c) . Thus, F 956 and/or E 960 which do not contribute to the stable interaction of FXYD proteins with the Na,K-ATPase α subunit, are involved in the functional effect of FXYD proteins on the apparent K + -affinity of the Na,K-ATPase.
Some FXYD proteins such as FXYD2 and FXYD4 have not only an effect on the apparent affinity of Na,K-ATPase for extracellular K + but also on the apparent affinity for intracellular Na + (11) . As shown in Fig.8, FXYD2 decreases whereas FXYD4 increases the apparent Na + -affinity of the Na,K-ATPase. We investigated whether F 956 and E 960 in the Na,K-ATPase α subunit are involved not only in the K + -effect but also in the Na + -effect of FXYD2 and FXYD4. When FXYD2 or FXYD4 was co-expressed with the FE/AA α mutant, the K 1/2 Na + of the Na,K-ATPase decreased to a similar extent than when FXYD2 or FXYD4
was co-expressed with the wild type Na,K-ATPase α subunit (Fig.8) indicating that F 956 and E 960 do not contribute to the functional effect of FXYD proteins on the apparent Na + -affinity of Na,K-ATPase.
Docking of FXYD7 on homology model of the Na,k-ATPase α subunit
The docking of FXYD7 on the previously described homology model of the Na,KATPase α subunit (29) was performed by a genetic algorithm. No mutation data were taken into account during the conformational space search. A total of 540 complexes were generated, from which the 10% complexes with the lowest energy were extracted and clustered based on heavy atom RMSD values (Fig.9) . Two clusters were identified; the cluster A (83% of the conformers) had a mean energy of -22676 kcal/mol and the cluster B 
Discussion
By site-directed mutagenesis and protein modeling, we provide evidence for an interaction of FXYD proteins with TM9 of the Na,K-ATPase which contributes to the efficient association and the functional effect of FXYD proteins on the apparent K + -affinity of Na,K-ATPase.
Based on crystallographic analysis of renal Na,K-ATPase, previous studies by Hebert et al. (19) predict that FXYD2 or the γ subunit is located in a pocket made up of TM9, TM6, TM4 and TM2 of the Na,K-ATPase α subunit. Based on this hypothesis and using the structure of the SERCA pump (20), we produced a model of TM9 (29) and determined amino acids that point to M2 and could potentially interact with FXYD proteins. Though, we cannot entirely exclude that substitution of these amino acids by alanine could have some indirect effects on the global conformation of the Na,K-ATPase α subunit, our results rather suggest that the predicted side of the TM9 helix of the Na,K-ATPase α subunit indeed represents at least one of the interaction faces with FXYD proteins. All amino acids tested are well conserved in different Na,K-ATPase α isoforms which is compatible with the observation that after expression in Xenopus oocytes, FXYD proteins associate with all α isoforms (9, 17) . In contrast to the K + -effect, the Na + -effect of certain FXYD proteins such as FXYD2
and FXYD4 is not mediated by F 956 and E 960 in the TM9 of the Na,K-ATPase α subunit. A recent study using chimeric proteins between FXYD2 and FXYD4 has revealed that the transmembrane segments of these FXYD proteins determine the opposite effect of FXYD2 Oocytes were injected with cRNAs for wild type or mutant rat Na, K-ATPase α1 subunits (10 ng) and the rat β1 subunit (1 ng) alone or together with FXYD2 or FXYD4 (2 ng). After 2 by guest on August 17, 2017 http://www.jbc.org/ Downloaded from days of incubation, oocytes were injected with rat epithelial Na + channel (ENaC) cRNAs (0.5 ng α, β, and γ subunit cRNAs). The measurement of the apparent affinity for internal Na + of Na,K-ATPase was performed one day after injection of ENaC cRNA. Intracellular Na + -activated Na, K-pump currents were recorded with 100 mM extracellular Na + at -50mV. * = p < 0.05; ** = p < 0.001. Data are means ± SE of 9-27 oocytes from 2-7 different batches. A  -----------------LF/AA  -----------A  --A  ---ILF/AAA  A  ----------A  --A  ---FE/AA  ---A  ---A  ----------F/A  ---A  --------------E/A  -------A  ----------5A  A  --A  ---A  ---A  --A  ---L954A  -A  ----------------E961A  --------A  ---------953 954 955 956 957 958 959 960 961 962 963 964 965 966 967 968 969 970   TM1  TM2  TM3  TM4  TM5  TM6  TM7  TM8  TM9 
